Antibody-drug conjugates exhibit complex pharmacokinetics due to their combination of macromolecular and small molecule properties. These issues range from systemic concerns, such as deconjugation of the small molecule drug during the long antibody circulation time or rapid clearance from nonspecific interactions, to local tumor tissue heterogeneity, cell bystander effects, and endosomal escape. Mathematical models can be used to study the impact of these processes on overall distribution in an efficient manner, and several types of models have been used to analyze varying aspects of antibody distribution including physiologically based pharmacokinetic (PBPK) models and tissue-level simulations. However, these processes are quantitative in nature and cannot be handled qualitatively in isolation. For example, free antibody from deconjugation of the small molecule will impact the distribution of conjugated antibodies within the tumor. To incorporate these effects into a unified framework, we have coupled the systemic and organ-level distribution of a PBPK model with the tissue-level detail of a distributed parameter tumor model. We used this mathematical model to analyze new experimental results on the distribution of the clinical antibody-drug conjugate Kadcyla in HER2-positive mouse xenografts. This model is able to capture the impact of the drug-antibody ratio (DAR) on tumor penetration, the net result of drug deconjugation, and the effect of using unconjugated antibody to drive ADC penetration deeper into the tumor tissue. This modeling approach will provide quantitative and mechanistic support to experimental studies trying to parse the impact of multiple mechanisms of action for these complex drugs.
INTRODUCTION
Antibody-drug conjugates (ADCs) provide a powerful method to selectively deliver toxic small molecules to cancer cells while reducing nonspecific uptake in healthy tissue. Significant effort has gone into designing the multiple aspects of these complex prodrugs, including the target selection, antibody structure and conjugation site, small molecule drug, linker design, and ratio of small molecule to antibody (drugantibody ratio, DAR) (1) (2) (3) (4) (5) . Currently, there are two FDA approved ADCs, with Kadcyla (ado-trastuzumab emtansine, T-DM1) being the only ADC approved for solid tumors, and there are over 30 ADCs in various stages of the clinical pipeline (6, 7) . Although the mechanism of individual cell death by the cytotoxic small molecule is well documented, the multiple and complex steps in delivery involving both tumor uptake of the macromolecule, local metabolism, and distribution of the small molecule effector make it challenging to design an optimal drug. Mathematical simulations provide an efficient method for exploring the vast parameter space and selecting agents with an increased likelihood of success, reducing the thousands of possible combinations of these complex drugs to a few testable approaches.
Physiologically based pharmacokinetic (PBPK) models have become ubiquitous in translational research for evaluating the behavior of lead compounds in dosing regimens and providing valuable information into reaction kinetics and transport phenomena in vivo. PBPK models have been used extensively to data fit dosing curves for more accurate interspecies dose scaling (8) (9) (10) (11) (12) (13) (14) and in predictive methods for first in animal studies (15) (16) (17) (18) (19) . Because these models are arranged anatomically, they often provide better dosing estimations than simple one-or two-compartment models or allometric scaling. Also, these models provide a framework to estimate unknown parameters or rates that might be difficult to measure accurately in vivo. However, there is strong motivation within this framework to develop more predictive models (versus data fitting) so that the pharmacokinetic behavior of lead compounds can be simulated and used to streamline preclinical and clinical studies.
Current PBPK models for antibodies vary in how the organ compartments are structured. For example, a model by Baxter uses two-pore formalism to estimate the extravasation of the antibody into the surrounding tissues (9) . Models by Ferl and Davda also used two-pore formalism but added FcRn recycling into select organ compartments to capture this important antibody metabolism pathway (10, 20) . Another model from Garg and Balthasar incorporated FcRn recycling into all tissues and used one-pore formalism to model antibody extravasation (11) . Recently, Shah and Betts developed a platform PBPK model that incorporates up to 18 compartments, each with detailed mechanistic behavior that subdivides each organ into plasma, blood cell, endothelial, interstitial, and cellular subcompartments and uses FcRn interactions (14) . While all these models share a similar framework, there is not a general consensus on the optimal way to describe the organ compartments (21) . This likely results from the trade-offs of more detailed models being able to capture more complex behavior at the cost of additional parameters that could result in an underspecified system or one where it is difficult to independently measure values for predictions.
Although organ-level PBPK models can simulate systemic and individual organ concentrations over time, they lack detailed tissue-level distribution and do not provide a framework for predicting the heterogeneous tumor distribution associated with antibodies. The most common method for capturing these tissue-scale dynamics is through a Krogh cylinder or tumor cord geometry (22) (23) (24) (25) (26) . Using this geometry along with mixed boundary conditions to capture permeability limitations, explicit blood flow and axial gradients to measure blood flow limitations, and diffusion with nonlinear binding kinetics to quantify diffusion limitations, tissue-level models are useful for determining the uptake and distribution of a diverse range of drugs, including small molecules, therapeutic proteins, and antibodies (27) (28) (29) (30) (31) . For antibodies, the tumor cord geometry has been validated by multiple groups and has been used to estimate whole organ distribution and uptake (27, (32) (33) (34) (35) (36) . The lack of functional lymphatics in tumors (37) also lends itself to this geometry focused on transcapillary exchange and distribution. However, the Krogh geometry requires the systemic (plasma) concentration as an input, therefore limiting its ability for purely predictive studies. Combining the Krogh cylinder to describe the tumor compartment with a general PBPK model for systemic distribution would give an accurate, multiscale depiction of antibody distribution. Additionally, since selfconsistent therapeutic parameters are available for a wide range of molecules including antibodies and small molecule drugs (19, 36, 38) , the Krogh cylinder simulations are able to simultaneously capture multiple different species within the tumor.
Here we present a multiscale model integrating two previously published and validated models: a PBPK model for organ and whole body distribution and a tumor tissue Krogh cylinder to simulate the distribution of the clinically used ADC T-DM1. This model combines the strength of PBPK models by simulating the systemic distribution while accurately capturing the heterogeneous antibody distribution in the tumor. To highlight the importance of systemic and tumor concentrations, we use two clinically relevant therapeutics: the monoclonal antibody Herceptin (trastuzumab) and the ADC T-DM1. Through simulation and experiment, we show that at the clinical dose of T-DM1 (3.6 mg/kg), the tumor distribution is highly heterogeneous, resulting in a typical perivascular tumor distribution. Additionally, we show that co-administration of trastuzumab with a constant T-DM1 dose results in a significantly more homogeneous tumor distribution, thereby targeting more tumor cells with the potent cytotoxic small molecule drug. Importantly, the total tumor uptake of the ADC does not change significantly, but in vivo experimental data shows a drastically different tumor distribution. The combined PBPK-Krogh cylinder model accurately captures the systemic organ concentrations and the considerably different tumor distribution, something that neither model can do alone. The interplay between systemic level pharmacokinetics and tumor distribution is important for ADCs, and several literature examples are shown in the context of tissue penetration. The impact of dose, DAR, deconjugation, receptor expression, and trafficking all strongly impact the distribution. This model is therefore useful in accurately capturing the complex distribution resulting from varying the DAR, linker stability, and antibody distribution on tumor efficacy.
MATERIALS AND METHODS

In Vivo Experimental Work
T-DM1 and trastuzumab were obtained through the University of Michigan Pharmacy. Alexa Fluor 680 (AF680) was conjugated to T-DM1 following the manufacturer's instructions and as previously described (39) . For reactions, a molar ratio of 0.7 was used that resulted in an overall degree of labeling of 0.3 to mitigate any potential physicochemical effects from the dye on the antibody. Conjugates were run on SDS-PAGE and scanned on an Odyssey CLx NIR scanner to ensure free dye was removed.
Animal studies were approved and conducted in accordance with University of Michigan University Committee on Use and Care of Animals (UCUCA). NCI-N87 cells were obtained from ATCC and were grown in RPMI-1640 containing 10% (v/v) FBS, 50 U/mL penicillin, and 50 μg/ mL streptomycin. Tumor xenograft studies consisted of 5 × 10 6 NCI-N87 cells inoculated in the rear flanks of nude mice. Tail vein injections were done approximately 4 weeks after inoculation when the longest axis of the tumor was approximately 10-12 mm. Tail vein injections consisted of 3.6 mg/kg of T-DM1-AF680 and either 0, 10.8, or 28.8 mg/kg of unlabeled trastuzumab.
Plasma clearance was measured via retroorbital sampling, mixed with 15 μL of 10 mM EDTA in PBS per 10 μL of whole blood, centrifuged (1 min, 3000×g), and scanned in a 384-well plate with the Odyssey CLx. Signal intensity was converted to absolute concentration using calibration curves of known concentrations of each agent in plasma and fit using a biexponential decay in PRISM. Animals were euthanized after 24 h (the time of maximum tumor uptake, data not shown and (40)) for biodistribution and histology measurements.
The biodistribution protocol was adapted from previously published protocols (41, 42) . Briefly, after the animals were euthanized, organs were resected, weighed, and homogenized. Homogenization consisted of incubating with a RIPA buffer/PBS mixture supplemented with 6 mg/mL collagenase IV solution, cell disruption using FB-120 Sonic Dismembrator, and further incubation with a RIPA buffer/ 0.05% trypsin-EDTA solution. After homogenization, each organ was serially diluted in a 96-well plate and scanned using the Odyssey CLx scanner. The percent-injected dose per gram (%ID/g) was determined by comparing signal from the Odyssey CLx scanner to a calibration curve and then normalizing by organ weight and homogenate volume. A density of 1 g/mL was assumed for each tissue.
To quantify the tumor distribution of the antibodies, nude mice bearing NCI-N87 xenografts were euthanized 24 h after tail vein injection of antibody, and the tumors were resected and flash frozen in OCT using isopentane chilled on dry ice. Histology slices (16 μm) were imaged with an upright Olympus FV1200 confocal microscope using 405, 542, and 635 lasers and a ×20 objective. Sixteen micron sections were used relative to the more typical 5-μm slices to improve signal-tonoise from the NIR fluorescence imaging. High-resolution images of organs were obtained using a series of stitched smaller images and the Olympus software. Immunofluorescence staining was done using CD31 conjugated with Alexa Fluor 555. All confocal images were exported and analyzed using ImageJ image analysis software.
PBPK Model
For this study, the PBPK model was adapted from Ferl et al. (43) . A graphical depiction of the model is shown in Fig. 1a . Changes from this previously published and validated model were as follows: Heart and lung compartments were added and follow the general structure of the other organ compartments. Physiologic parameters for the heart and lung were taken from Baxter et al. (9) . The PBPK tumor compartment was removed and instead represented using a distributed parameter model with Krogh cylinder geometry (described below). Each organ compartment was divided into vascular, interstitial, and metabolite subcompartments, and the carcass contained an endothelial subcompartment for FcRn kinetics (Fig. 1b) . All model equations and parameter values can be found in the Electronic Supplementary Material (Table S1 ). Other changes from the original PBPK model include changing the permeability surface area product for large and small pores to values for intact IgG. The model was constructed for both unconjugated antibodies and ADCs to simulate the distribution of each individually.
Robust predictions of the whole animal distribution of biologics are not yet possible, so several agent specific parameters not found in the literature were fit to experimental data using MATLAB as shown in Table I . These parameters are the degradation rates for the liver (k deg,liver ), degradation rate in all other organs (k deg,organ ), the metabolite urinary excretion rate (U), and metabolite loss rate (k loss ). Percent coefficient of variation (%CV) values and 95% confidence intervals (95% CI) for these fitted parameters are listed in Table I .
Tissue Disposition Model
A tissue distribution model based on previously published work (27, 28, 36) was incorporated into the PBPK model (Fig. 1c, d ). This modeling approach has been validated for the tissue distribution of antibodies and ADCs by our group and others (27, 28, 32, 33, 35) . Briefly, this model is based on the Krogh cylinder geometry of tumor blood vessels. Because antibodies are permeability limited, a 1-D model with only radial gradients was used. The model consisted of free antibody, free ADC, free target, bound antibody, bound ADC, internalized antibody, and internalized ADC. Detailed equations and parameter values can be found in the Electronic Supplementary Material and Table II , but briefly, trastuzumab and T-DM1 extravasate from a blood vessel and are free to diffuse and bind to HER2 receptor in the tissue, upon which they are internalized and degraded. These molecules compete for the same pool of HER2, and after internalization, HER2 recycles back to the cell surface, consistent with experimental studies (51) . The tissue disposition model is connected to the PBPK model by the entering and exiting plasma concentrations adjusted by the efflux into the tumor to capture any target-mediated drug disposition effects (52) (53) (54) . Importantly, all parameters in the Krogh cylinder were taken from the literature and were not changed or fit to data.
RESULTS
A graphic depiction of the combined PBPK and Krogh cylinder model is shown in Fig. 1 . This multiscale model captures the systemic and organ-level concentrations (PBPK model, Fig. 1a , b) along with the heterogeneous tissue distribution in the tumor and cellular metabolism of the ADC (Krogh cylinder model, Fig. 1c, d ). Currently, the endosomal processing and escape of the metabolite are not included but could be added to the modeling framework as others have done (33, 55) . The higher vascular density in healthy tissue (resulting in shorter diffusion distances between vessels) and the lack of specific binding in most tissue result in a homogeneous antibody distribution (56) . Therefore, only the tumor compartment is represented explicitly with a Krogh cylinder model. The small molecule metabolite for T-DM1 is relatively hydrophilic, resulting in little bystander effect within the tissue (3), so the diffusion of the metabolite was not simulated. The metabolite is represented by the green arrows.
The tumor distribution of antibody and small molecule drug is a function of the dose, DAR, systemic clearance, and in vivo kinetics (such as deconjugation depending on the linker (57,58)). To capture the impact of the antibody dose relative to small molecule delivery, a constant dose of T-DM1-AF680 was given with increasing doses of trastuzumab. This could represent a constant small molecule dose while decreasing the DAR (assuming both free antibody and ADC behave similarly as seen with T-DM1 (58)), the impact of deconjugation and free antibody accumulation in the plasma, or an intentional effort to increase antibody tissue penetration by competing for available antigen. Figure 2 shows that the clinical dose of T-DM1-AF680 (3.6 mg/kg) is highly heterogeneous in NCI-N87 tumor xenografts. Supplementary
Figs. S7 and S8 show that the plasma clearance and tumor distribution of unlabeled T-DM1 and T-DM1-AF680 are similar. Co-administration of trastuzumab at a 3:1 or 8:1 ratio dramatically increases penetration of T-DM1 by competing for receptor sites within the tissue. These results also agree with literature reports where increasing the antibody dose results in more homogeneous distribution throughout the tumor (34, 40, 59) .
A PBPK model using a compartmental model for the tumor can accurately capture the average tissue concentration (60) but does not describe the tumoral distribution. The Organ degradation rate U 6.9 × 10 Metabolite loss rate a Confidence interval was constrained to zero because lower bound was negative increasing doses of trastuzumab do not significantly impact the average concentration of T-DM1 in the tumor or other organs prior to saturation (Fig. 3 ), but it dramatically changes the ADC tissue distribution (Fig. 2) . The increased penetration lowered the concentration of T-DM1 on each cell (resulting in lower fluorescence intensity per cell) but did not lower the total tumor uptake. The lack of significant binding in other organs results in a minor difference in nonspecific distribution (Fig. 3) . The molecules co-exist in these tissues but do not interact/compete for binding sites.
Because the PBPK portion of the simulation was adapted from a previously published model, the organ concentrations were fit to biodistribution data and plasma clearance (Figs. 3 and S6) using a minimal number of fitted agent-specific parameters for n = 3 mice per dose level, and the fitted parameters are shown in Table I . For parameter estimates, the 24-h time point was used for biodistribution studies because this is the approximate time for maximum uptake of trastuzumab and other antibodies (40, 43, 60) along with plasma clearance data out to 72 h. The Krogh cylinder portion of the model was used to predict the tumor tissue distribution following co-administration of trastuzumab and T-DM1 at 0:1, 3:1, and 8:1 ratios (0, 10.8, and 28.8 mg/kg unlabeled trastuzumab and 3.6 mg/kg T-DM1, respectively) (Fig. 4a) . It should be noted that none of the parameters used in this portion of the model were fit to the new experimental data but were all taken from literature. The penetration distance increases from strongly perivascular distribution with the 0:1 ratio to homogeneous distribution with the 8:1 ratio while the T-DM1 concentration per cell is reduced. These results agree favorably with all the tumors tested ( Supplementary Figs. S2-S4 ). Macroscopic images of a larger tumor region are shown (Fig. 4b) along with a higher magnification of the boxed region. The Krogh cylinder parameters used for all simulations are shown in Table II .
The penetration depth of antibodies is a complex function of dose, receptor expression and trafficking, and tumor physiology (permeability, vascular density, etc.). Figure 5 shows the predicted T-DM1 radial distribution as the competitor trastuzumab Bcarrier^dose is increased. When no carrier dose is added (only T-DM1 from 0 to 3.6 mg/kg total ADC dose), T-DM1 exhibits a perivascular distribution where cells immediately outside the blood vessel are saturated and cells farther away receive almost no ADC. As carrier trastuzumab is added, however, it competes for receptors, allowing T-DM1 to penetrate farther into the tumor, albeit with lower T-DM1 concentration per cell. (Note that higher doses of T-DM1 would also achieve additional penetration, but TDM-1 is limited by toxicity at 4.8 mg/kg (61).) As more carrier dose is added, the carrier dose continues to spread out the ADC distribution until all the binding sites are occupied by trastuzumab or TDM-1. At the theoretical receptor-saturating concentration for total antibody, T-DM1 (and trastuzumab) penetrates evenly throughout the tumor. Above this total antibody-saturating concentration, the T-DM1 concentration remains homogeneous throughout the tumor. However, the average intratumoral T-DM1 concentration starts to drop because the increasing amount of trastuzumab competes for receptors, and there are no additional binding sites deeper in the tissue once saturation is achieved. Importantly, receptor expression (and therefore the saturation dose) can vary significantly between patients and within tumors/metastases. To highlight the relationship between receptor expression, penetration depth, and total antibody dose (ADC plus free antibody), 3-D plots of radial concentration versus total dose with different receptor expression Fig. 3 . PBPK model results and experimental biodistribution data. PBPK model shows systemic distribution of 3.6 mg/kg T-DM1 with trastuzumab at 0:1 (black), 3:1 (red), and 8:1 (blue) ratios (trastuzumab:T-DM1, N = 3 mice for each). 0:1 and 3:1 distributions overlap since the tumor is below saturation at these dosing levels. At 8:1 ratio, the dose is slightly above tumor saturation resulting in lower tumor %ID/g and slower clearance. Experimental data shows T-DM1 distribution at 24 h for the respective ratios; data points were shifted slightly for visibility. The PBPK results are similar despite widely differing distribution seen within the tumors in Fig. 2 are shown in Fig. 5 . These simulations were done using a high (1 × 10 6 receptors per cell) and moderate (3 × 10 5 receptors per cell) HER2 expression level (Figs. 5b and S5 ), which roughly corresponds to 3+ and 2+ IHC staining (62) .
The antibody penetration depth is also a function of time. Figure S1 shows the radial profile of 3.6 mg/kg T-DM1 along with a 3:1 and 8:1 trastuzumab co-administration. The penetration depth quickly reaches the maximum distance at 24 h and then stalls. This is caused by continuous internalization preventing further penetration even as the antibodies continue to extravasate. The longer circulation time of antibodies does not increase the penetration depth due to this constant internalization, making C max a critical factor in determining tissue penetration depth (28, 56) .
Co-administration of trastuzumab with T-DM1 lowers the average effective DAR since the same amount of small molecule payload is administered with more antibodies. Multiple groups have examined the impact of DAR on plasma clearance and efficacy. Figure 6 highlights the results of several groups (using different ADCs against different targets) where the overall small molecule dose was similar but the DAR and ADC dose was varied. For clarity, only tumor growth curves where there is an equivalent small molecule dose spread over a different ADC dose (and different DAR) are shown. Previous work by several groups has demonstrated the importance of DAR on systemic clearance (63) . Two important mechanisms include DAR-dependent clearance and DAR-dependent deconjugation. In DAR-dependent clearance, a high number of small molecule drugs per antibody can increase systemic clearance of the entire antibody-drug conjugate. With DAR-dependent deconjugation, a larger number of small molecule drugs can result in faster loss of the small molecule while the antibody (with a lower DAR or without a payload, i.e., DAR0) remains in circulation. Only a few informative studies have measured the dynamic change of individual DAR species in vivo. Using these studies, we modeled the effective difference in small receptors per cell, b, corresponding to ∼3+ and ∼2+ IHC staining, respectively. From 0 to 3.6 mg/kg total dose only T-DM1 is dosed. After 3.6 mg/kg, the T-DM1 dose is kept constant (3.6 mg/kg) and trastuzumab carrier dose is increased molecule AUC and divided the results into cases where the antibody exposure, and therefore penetration distance into the tumor, was much higher than the difference in payload exposure (Fig. 6a) , and cases where DAR-dependent clearance and/or deconjugation dominated over differences in antibody AUC. Vertical red lines and boxes show the approximate percentage difference between the small molecule payload AUC, typically chosen at a time point when the tumor growth curves begin to diverge. A more detailed description of this analysis can be found in the Electronic Supplementary Material. The results in Fig. 6a highlight the fact that at a similar small molecule exposure/AUC, a higher antibody concentration (corresponding to increased tumor penetration) generally has higher efficacy. Individual cells receive less small molecule drug, but the IC 50 is lower than the K d for these agents, so cells within the saturated perivascular region still receive a toxic dose. The lone exception is a paper using a less toxic small molecule, and this is also the only paper where the IC 50 is greater than the K d (see BDISCUSSION^). These studies provide preliminary (but indirect) evidence that a more homogeneous distribution may result in better ADC efficacy. Caveats are mentioned in the BDISCUSSION^and Electronic Supplementary Material. The studies shown in Fig. 6b highlight the importance of DAR-dependent clearance. In Lyon et al., the linker was varied, and significant differences in the clearance were seen with the DAR8 conjugates. The faster clearance ultimately resulted in worse efficacy. Similarly, in Hamblett et al., the higher small molecule exposure resulted in better efficacy; however, the higher antibody dose at the time of maximum uptake in the tumor (predicted to occur approximately 1 day after the ADC was dosed) would result in higher tumor penetration, thereby complicating the interpretation. The increasing trastuzumab doses do not appreciably lower the tumor uptake of T-DM1 (Fig. 7) . Because extravasation is the rate-limiting step in antibody uptake (56), T-DM1 molecules that extravasate but are blocked from binding perivascular cells will continue to diffuse deeper in the tissue rather than intravasate and wash out. Eventually they bind to a cell with free receptor. Similar to radiolabeled antibodies (64) , only after the tumor is saturated will the %ID/g start to decrease (Fig. 7a) .
In addition to the tumor site, some antigens are expressed in healthy tissue, and this is an important aspect of target-mediated toxicity. The higher vascular density results in homogeneous ADC distribution that can be accurately represented with a compartmental model. If the healthy tissue is saturated with ADC (which is likely given higher vascularization and often lower receptor expression), the co-administration of free antibody will lower the ADC uptake in this healthy tissue (Fig. 8) while having insignificant (p = 0.06) impact on tumor uptake (Fig. 7) . This could potentially increase the therapeutic window provided the carrier dose has a neutral or positive impact on tumor efficacy due to increased drug penetration. . Literature review of efficacy with constant small molecule dose but differing DAR and antibody doses. a At a constant small molecule dose, ADCs with a higher DAR and lower antibody dose (black) are generally less efficacious than ADCs with a lower DAR and higher antibody dose (gray). Blue arrows correspond to six cases where a constant small molecule dose delivered with a higher antibody dose improved efficacy and is predicted to have increased tissue penetration. In one case, the reverse was true (green arrow); however, here the small molecule had an IC 50 reported to be greater than the K d of the antibody due to a less toxic payload. This would require saturation of cells with a high DAR antibody for efficacy. Red lines and boxes correspond to the estimated difference in small molecule AUC between different DAR/ antibody doses using literature reports of DAR-dependent deconjugation and clearance rates in a pharmacokinetic model. The pharmacokinetic analysis is outlined in the Electronic Supplementary Material. b DAR-dependent clearance can significantly affect the efficacy, making it difficult to parse tumor penetration effects from small molecule AUC DISCUSSION Antibody-drug conjugates display complex pharmacokinetics at multiple scales: systemic clearance as a function of DAR and deconjugation, organ heterogeneity from specific and nonspecific processes, tumor tissue heterogeneity due to target binding, and cellular/subcellular kinetics of endosomal escape and bystander effects. Here we present a novel pharmacokinetic model for antibody biodistribution where a mechanistic Krogh cylinder geometry tissue-based model is integrated into a PBPK framework (Fig. 1) . We show theoretically and experimentally that the tumor distribution of T-DM1 in NCI-N87 xenografts at clinical doses is highly heterogeneous and that co-administration of trastuzumab effectively spreads out T-DM1 homogeneously throughout the tumor (Figs. 2 and 4) . Importantly, a compartmental treatment of the tumor would show similar average uptake of the ADC with and without the co-administration of trastuzumab but would not be able to discern any impact on distribution. The combined model accurately captures the similar average organ uptake but drastic differences in tumor heterogeneity (Figs. 2, 3, and 4) .
To highlight the importance of the integrated tissue distribution model, we showed how co-administration of T-DM1 with trastuzumab results in a significantly different tumor distribution with a similar systemic distribution. At the clinical dosage level of T-DM1 (3.6 mg/kg), the tumor distribution was perivascular with limited penetration, similar to trastuzumab (40) . Adding a carrier dose of trastuzumab at a 3:1 ratio considerably increased the tumor penetration with limited changes in the overall uptake. The total ADC per cell is lower, but more tumor cells are receiving the therapeutic. Similarly, with the 8:1 ratio, although the overall concentration received by the cells is less than the 3:1 ratio, the distribution in the tumor is even more homogeneous. Since the 8:1 dose is close to the theoretical receptor-saturating dose, this resulted in a slight (but not statistically significant, p = 0.06) reduction in total uptake. Fig. 7 . Predicted and experimental impact of carrier dose on total tumor uptake. a Bound and internalized uptake of T-DM1 in tumor with increasing trastuzumab carrier dose. Prior to saturation, the addition of a carrier dose (or equivalently, delivering a constant small molecule dose while lowering the DAR) does not lower total tumor uptake of a constant T-DM1 dose (3.6 mg/kg). It only changes the distribution. b Experimentally measured %ID/g of T-DM1 at respective ratios. Differences of %ID/g were not statistically significant between the 0:1 to 8:1 Fig. 8 . Impact of carrier dose/DAR on healthy tissue targeting. a Graphic depiction of specific binding added to the heart organ compartment. A bound compartment was added to represent the low levels of HER2 antigen expressed in the heart. b Bound and internalized T-DM1 (constant 3.6 mg/kg dose) in heart compartment with increasing trastuzumab carrier dose shows lower healthy tissue uptake with a carrier dose or lower DAR. The y-axis is normalized to initial unbound antigen in the heart Compartmental PBPK models do not take into account the tissue-scale distribution of antibodies or ADCs. The integrated tissue model based on the Krogh cylinder, however, uses a systems approach based on the physicochemical properties of the ADC to predict tissue distribution. Although the combined model presented here is not purely predictive because several agent-specific PBPK parameters were fit to experimental data, the Krogh cylinder portion of the model only requires the systemic concentration as input since published parameter correlations are available for the other values (19, 27, 36) . Importantly, the mechanistic tissue model gives the ability to easily change simulation parameters based on the specific therapeutic or target (Fig. 5) . These simulations were based on literature parameters for trastuzumab/T-DM1 binding affinity, antibody diffusivity/permeability, NCI-N87 receptor expression, and HER2 receptor kinetics. However, these parameters are often measured for other therapeutics and targets, giving the model broad applicability.
It has been known for some time that antibody distribution in tumors is heterogeneous (65) , saturating doses are required to obtain even distribution (34) , and very high doses are required to saturate tumors in the clinic (66, 67) . Many monoclonal antibodies for solid tumors are given frequently (often weekly) at relatively high doses (2-15 mg/ kg), making it possible to approach tumor saturation. However, the potency of the small molecule payload often limits the dose and frequency of administration with ADCs. This limitation on dose and frequency, combined with current ADCs that often use high affinity antibodies, potent payloads, and highly expressed targets, can result in subsaturating (and therefore heterogeneous) distribution as we have shown when dosing T-DM1 at the clinical dosage (Figs. 2, 4 , and S2). The importance of heterogeneity on therapeutic efficacy of antibodies and ADCs is still debated. The choice of model could implicitly bias the data interpretation (popularly phrased by Maslov's hammer). Examining the systemic clearance or deconjugation will focus on the impact these mechanisms have on efficacy. Likewise, measuring the tissuelevel heterogeneity will center the discussion on the impact of tumor distribution. By including both systemic and tissuelevel effects, the relative contribution of each can be quantified with this model and corresponding experiments.
We conducted an extensive literature search to determine if there is potential evidence of heterogeneity impacting ADC efficacy. Importantly, it depends on the toxicity of the payload. If receptor saturation with an ADC is required for cell death, then spreading out the ADC using a carrier dose may lower efficacy due to a subsaturating number of ADCs delivered per cell (a potency limitation). Conversely, if the ADC is toxic to cells at subsaturating concentrations, then heterogeneous delivery results in more drug being delivered to perivascular cells (Boverkill^) while other cells receive no treatment (a delivery limitation). In this case, a more uniform distribution would benefit efficacy by using the Bexcess^ADC to reach and kill more cells. This is counterintuitive, where the most potent drug is often pursued during development, but considering the tumor heterogeneity and high toxicity of the payloads is possible. Looking at in vitro cell killing curves, the toxic payloads, high expression levels, and efficient internalization often result in IC 50 values well below the antibody K d , indicating they are toxic at subsaturating concentrations (48, 68) . To demonstrate that heterogeneity is having an impact on efficacy, the same payload must be delivered with varying heterogeneity to isolate and quantify the influence of heterogeneity on efficacy. One set of data available for this analysis is studies manipulating the DAR and dose. For example, an antibody with half the DAR but twice the antibody dose will deliver approximately the same small molecule payload to the tumor but spread out over twice the number of cells (assuming the plasma clearance and/or deconjugation of different DAR ADCs is similar). Several studies were identified that fit these criteria.
In the study by Hamblett et al., the effects of differing DAR and ADC dose to tumor killing were examined (69) . When keeping the overall small molecule dosage the same (e.g., antibodies with a DAR of 2 and 4 dosed at 1 and 0.5 mg/ kg, respectively), they found the best clinical response with the highest antibody dose, or the dosage that would penetrate into the tumor the farthest. Similarly, Junutula et al. examined the efficacy of ADCs with DARs of 1.6 and 3.1 (70) and found the same pattern. They also showed that for the same antibody dose (but different DAR), the outcome was not significantly different, despite having different small molecule exposure. (Simulations show that this would deliver more small molecule to cells that are already receiving a toxic dose.) In another study with a different ADC and target, Junutula and colleagues again showed that when keeping the small molecule dose the same, a significantly better outcome was seen with higher antibody doses (71). Jackson et al. did not find a difference in efficacy between DAR2 and DAR3.8 when the antibody dose was the same (which would reach the same number of cells) but observed much higher efficacy when the same small molecule dose was delivered with a higher antibody dose (48) . A recent study by Pillow et al. (72) examined the efficacy of different DARs of THIOMAB conjugates, and they found that DAR2 conjugates dosed at 10 mg/kg were more efficacious than DAR4 conjugates dosed at 5 mg/kg. In other words, having higher drug loading per antibody did not improve efficacy, and correspondingly, when injecting the same dose of small molecule, the drug spread out over more antibodies is more efficacious. In contrast to these other six examples (blue arrows, Fig. 6 ), Goldenberg et al. found that with a low potency payload, a high DAR was needed.
To summarize the above results, we identified six publications with data suitable for analysis (48, (69) (70) (71) (72) (73) . Intriguingly, five of the six results showed higher efficacy with a lower DAR, where the same small molecule dose delivered with a larger antibody dose (due to lower DAR) resulted in reduced tumor growth (Fig. 6) . Most of the cell lines used in these studies were also resistant to the free antibody therapy, indicating that the higher antibody dose alone is not responsible for the effect. Upon closer inspection, the sole exception (Goldenberg et al. (73) ) used a lower potency drug (SN-38 versus maytansinoids) with moderately lower expression (∼10 5 receptors/cell versus ∼10 6 ). Notably, the IC 50 values for this ADC (range 1-33 nM, median 2 nM) were higher than the K d of the antibody (0.564 nM). This is also consistent with the Boverkill^hypothesis, where agents that require saturation for cell killing would not significantly benefit from a more even distribution, as this lowers the efficacy of all targeted cells. From a tissue penetration standpoint, matching the IC 50 to the K d of the ADC by lowering the DAR would be ideal. If the small molecule drug is dose-limiting, this maximizes the antibody dose to achieve maximum penetration while maintaining a toxic dose for the targeted cells. This also maximizes other mechanisms of action, such as cell-signaling disruption (74) and Fc-effector functions (75) compared to other strategies for increased penetration (such as lower affinity (76-78)). The model described here can help design experiments to determine if this strategy is effective in preclinical models.
DAR-dependent clearance and/or DAR-dependent deconjugation that significantly lowered the payload AUC/ delivery could potentially explain the higher efficacy of lower DAR molecules. To quantify any impact of DAR-dependent clearance or DAR-dependent deconjugation, we modeled the small molecule exposure for each case. Details are located in the Electronic Supplementary Material, but pharmacokinetic measurements from each study were used to estimate the small molecule exposure. Since a detailed study of deconjugation or DAR-dependent clearance was not performed in all cases, we combined data from related studies to model the impact on small molecule AUC from deconjugation (unless data were presented showing deconjugation was negligible) or DAR-dependent clearance. The studies in Fig. 6a had a small difference in small molecule AUC (<25% and in most cases, <10%) relative to the large difference in antibody exposure (∼100% or greater). On the contrary, the results in Fig. 6b showed a much larger difference in small molecule AUC (200-300%) relative to antibody exposure. Compared to the Lyon et al. paper, the studies in Fig. 6a showed a larger difference in tumor efficacy despite drastically lower differences in payload AUC, indicating that systemic clearance is unlikely to explain the differences in efficacy in Fig. 6a . It is also worth noting that the Goldenberg et al. paper shows the exact opposite trend that one would expect if DAR-dependent clearance or deconjugation was playing a role but is consistent with a potency-limited (versus a distribution-limited) ADC.
This analysis is not proof that antibody penetration is the only element (or even a dominant factor) in determining efficacy. For example, the relative contribution between more efficient small molecule distribution versus higher tumor antibody levels is unknown, although most cell lines were resistant to unconjugated antibody. However, the lack of quantitative models in the literature between DARdependent clearance/deconjugation versus tumor tissue heterogeneity makes it difficult to draw strong conclusions about the relative contributions of these phenomena. Clearly, DARdependent clearance and deconjugation are important, both for tumor exposure and potential toxicity. Lyon et al. showed that ADCs having the same DAR but different clearance rates have proven the importance of plasma clearance on efficacy (63). While not proof, these six papers are consistent with heterogeneity impacting efficacy. A more detailed discussion on the impact of heterogeneity impacting efficacy is provided with the Electronic Supplementary Material. The effect of individual tumor cell death on the eradication of the tumor is complex (79) (80) (81) . The model developed here, by accounting for both systemic factors (like plasma clearance and linker stability) and tumor tissue heterogeneity, will be able to quantitatively examine the impact of both to design more efficient clinical agents.
Besides ADC distribution, the PBPK model can help track secondary tissue toxicity. Because ADCs have higher toxicity caused by the small molecule drug, it is important to track their accumulation in healthy tissue. For example, trastuzumab and T-DM1 are both known to exhibit some cardiac toxicity because of low HER2 expression in the heart (82) . By increasing the trastuzumab carrier dose in these simulations, the overall cardiac uptake of the ADC is lowered. In this case, both the antibody and ADC show toxicity, but for other possible targets, co-dosing with the unconjugated antibody could result in less overall toxicity to healthy tissue. Similarly, Boswell et al. showed that the intestines were acting as an antigen sink when dosing the ADC anti-TENB2-MMAE; however, co-administration of an anti-TENB2 antibody with the anti-TENB2-MMAE ADC significantly reduced ADC uptake in the intestines (83) . These approaches are analogous to Bcold^dosing prior to radiolabeled antibody distribution (84) . Although some unconjugated antibodies in the clinic are given at high doses, such as bevacizumab (15 mg/kg) or IVIG (multiple grams per kilogram), it is important to consider that co-administration of the naked antibody at 3 to 8 times the ADC dose could reach dose-limiting toxicities in the clinic. However, antibodies such as trastuzumab are well-tolerated even when delivering 18 mg/kg over a 3-week period (85) .
There are a couple important model limitations. First, the pharmacodynamics of the therapeutic can affect the pharmacokinetics of delivery in the tumor. This coupling of PK and PD makes simulations of efficacy very challenging. For example, it has been reported that trastuzumab may result in vascular normalization (79) , which can increase the functional vascular density in the tumor and lower the permeability of the vessels by making them less Bleaky.Î ncreasing the vascular density would result in a smaller Krogh cylinder radius in the model resulting in less carrier antibody needed for saturation. Since antibodies are extravasation/permeability limited, a decrease in the membrane permeability would result in less antibody extravasating out of the vessel (80) . Additionally, vascular collapse and/or revascularization of areas (particularly during the 3 weeks between clinical treatment with T-DM1, for example) is difficult to predict. The second limitation is the impact of bystander effects. For T-DM1, the more hydrophilic nature of the metabolite results in few bystander effects (relative to more lipophilic conjugates that can diffuse out of the original targeted cell (86) or from the interstitium (87) and into a local cell (3)). Cytosolic access of hydrophilic metabolites may even require transporters within the target cell for toxicity (88) . Bystander effects from more lipophilic payloads such as MMAE may explain why higher DAR can improve efficacy with the same antibody dose (e.g., (89) ), while in the examples above with a hydrophilic payload, it had little benefit. The diffusion of the metabolite in the tissue could be incorporated into this model to predict the additional penetration of the metabolite into tumor tissue as a function of lipophilicity (36) and whether this reaches therapeutic concentrations far from the original site of antibody degradation. Finally, a recent study by Müller et al. showed that effector functions of T-DM1 (and not trastuzumab) could activate the immune system, where T-DM1 increased tumor vulnerability to immune attack (90) . Modeling these complex immune interactions is difficult, but the simulations can help design experiments to test the overall impact on efficacy.
CONCLUSION
In conclusion, the multiscale PBPK-Krogh cylinder model is able to track both the systemic and tissue-scale distributions of antibodies and ADCs. We show that at clinical doses, T-DM1 exhibits a heterogeneous perivascular distribution, and through co-administration of trastuzumab, the effective DAR is lowered and a homogeneous distribution is achieved. Modeling both the systemic and tissue-level distribution can provide a facile method to facilitate ADC development by quantitatively combining complex factors such as target, linker stability, DAR, small molecule, and antibody backbone and their impact on efficacy.
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